Key Points {#FPar1}
==========

Guanfacine extended-release (GXR), an orally administered, non-stimulant treatment for children and adolescents with attention-deficit/hyperactivity disorder, is primarily metabolized by the 3A4 isozyme of cytochrome P450 (CYP3A4).Using physiologically based pharmacokinetic modeling, this study predicted the potential for GXR to be susceptible to drug--drug interactions with moderate CYP3A4 inhibitors or inducers.Based on the model predictions, the following dosing recommendations were approved for US labeling: (1) decrease GXR to 50% of the usual target dose when it is co-administered with strong or moderate CYP3A4 inhibitors; (2) consider titrating GXR up to double the usual target dose over 1--2 weeks when it is co-administered with strong or moderate CYP3A4 inducers.

Background {#Sec1}
==========

US and European guidelines recommend stimulant medications for first-line use in many children and adolescents (aged 6--17 years) with attention-deficit/hyperactivity disorder (ADHD) \[[@CR1]--[@CR3]\]. Approximately 30% of participants in clinical studies, however, do not respond to methylphenidate (MPH), and \~ 10% do not respond to any stimulant medication (MPH or amphetamine) \[[@CR4], [@CR5]\]. In addition, stimulants are contraindicated in some patients with psychiatric comorbidities \[[@CR6]--[@CR8]\], many parents of children with ADHD express concerns about adverse effects \[[@CR9]\], and some clinicians prefer to prescribe a non-stimulant over a stimulant \[[@CR10]\].

Guanfacine extended-release (GXR or Intuniv^®^; Shire, Lexington, MA, USA) is a non-stimulant medication that acts selectively on post-synaptic α2A-adrenergic receptors in the prefrontal cortex \[[@CR11], [@CR12]\]. GXR is approved for use in children and adolescents aged 6--17 years with ADHD, as a monotherapy and as adjunctive therapy to stimulants in the USA \[[@CR13]\] and Canada \[[@CR14]\]; as a monotherapy in Japan \[[@CR15]\]; and as a monotherapy in Europe when stimulants are not suitable, are not tolerated or have been shown to be ineffective \[[@CR16]\]. GXR is administered orally as a modified-release matrix tablet formulation containing functional excipients that control and extend release of guanfacine in the gastrointestinal tract \[[@CR17]\]. Its recommended therapeutic range is 0.05--0.12 mg/kg, depending on clinical response and tolerability \[[@CR13], [@CR14], [@CR16]\]. GXR provides a linear, first-order guanfacine pharmacokinetic (PK) profile in children and adolescents with ADHD \[[@CR17], [@CR18]\] and in healthy adults \[[@CR19]\]. Guanfacine PK parameters following GXR administration are similar in children, adolescents and adults when appropriately scaled by patient weight \[[@CR18]\].

Metabolic clearance accounts for approximately half of total guanfacine clearance in adults, with renal clearance accounting for the remainder \[[@CR20]\]. Guanfacine is metabolized primarily by the 3A4 isozyme of cytochrome P450 (CYP3A4) \[[@CR13]\], and its principal circulating metabolite, 3-OH-guanfacine sulfate, lacks pharmacological activity \[[@CR16]\]. CYP3A4, which is expressed in both the gut and liver, is involved in the metabolism of approximately half of marketed drugs \[[@CR21]\]. Inhibitors of CYP3A4 may therefore increase exposure to sensitive drugs to toxic levels, whereas inducers may reduce exposure to below therapeutic levels. The US Food and Drug Administration (FDA) defines strong and moderate inhibitors as drugs that increase the area under the plasma concentration--time curve (AUC) of sensitive substrates of a given metabolic pathway by ≥ 5-fold and ≥ 2 to \< 5-fold, respectively, while strong and moderate inducers decrease AUC by ≥ 80 and ≥ 50 to \< 80%, respectively \[[@CR22]\]. The potential for GXR to be susceptible to drug--drug interactions (DDIs) with inhibitors or inducers of CYP3A4 was indicated by the results of clinical PK studies, which led to dosing adjustments being included in the original US label. Co-administration of GXR with ketoconazole (a strong inhibitor \[[@CR22]\]) led to a 3-fold increase in guanfacine exposure, as measured by AUC, and co-administration with rifampicin (a strong inducer \[[@CR22]\]) led to a 70% decrease in guanfacine exposure \[[@CR23]\].

Although clinical PK studies are the gold standard for investigating DDIs, they require participants to be exposed to investigational products for experimental rather than therapeutic purposes. Physiologically based pharmacokinetic (PBPK) models, by contrast, predict PK profiles and parameters on the basis of in vitro experimental data, the physicochemical properties of the molecule in question and available clinical PK data, and population characteristics, e.g., demographics, inter-individual variability in CYP abundance, and proportions of poor metabolizer phenotypes. For the past decade, PBPK models have been increasingly employed by the pharmaceutical industry \[[@CR24]\]. According to the findings of a systematic review of 106 PBPK models described in publications from 2008 to 2015, they are used to simulate the properties of alternative formulations and to predict drug absorption kinetics, general clinical PK profiles, inter-individual variability, DDIs and age-related changes in PK parameters \[[@CR25]\]. The European Medicines Agency guideline on the investigation of DDIs states that PBPK modeling may be used to estimate the potential for interactions between drugs \[[@CR26]\], while the equivalent US FDA guideline states that PBPK models offer useful alternatives to dedicated clinical studies \[[@CR27]\]. DDI prediction was the subject of approximately two-thirds of PBPK submissions to the FDA between 2008 and October 2014 (*n* = 136) \[[@CR28]\]. Several FDA submissions for investigational new drugs or new drug applications are discussed in more detail by Zhao et al., who conclude that PBPK modeling has facilitated decision-making about labeling, study design and the need to conduct additional clinical pharmacology studies \[[@CR29]\].

The objective of the present study was to provide guidance for possible GXR dose adjustment for US labeling in children and adolescents with ADHD by developing a PBPK model to predict DDIs when the drug is co-administered with moderate CYP3A4 perpetrators, namely the inhibitors fluconazole (an anti-fungal) or erythromycin (an antibiotic), or the inducer efavirenz (an antiretroviral).

Methods {#Sec2}
=======

Modeling Workflow {#Sec3}
-----------------

The Simcyp (version 14) population-based PBPK simulator (Symcyp Ltd, Sheffield, UK) was used to model guanfacine PK profiles and DDIs with moderate CYP3A4 inducers or inhibitors (Fig. [1](#Fig1){ref-type="fig"}a) \[[@CR30]\]. The modeling workflow was part of a Best Practice approach, in which model development used the most robust clinical PK data available and model validation used all clinical DDI data. The workflow involved:Fig. 1**a** Modeling workflow and **b** schematic representation of the Simcyp PBPK model. ^a^Input parameters from Simcyp version 14 compound file. ^b^Input parameters from Ke et al. \[[@CR30]\]. *Q* ~G~, *Q* ~H~, *Q* ~PV~, *Q* ~m~ and *Q* ~H,A~ are blood flows in the gut, liver, portal vein, mucosa and hepatic artery, respectively; *F* ~G~ and *F* ~H~ are the fractions escaping first-pass metabolism in the gut and liver, respectively; CL~R~ is renal clearance, *f* ~a~ is the fraction absorbed, and *k* ~a~ is the first-order absorption rate constant. *CYP3A4* 3A4 isozyme of cytochrome P450, *DDI* drug--drug interaction, *GXR* guanfacine extended-release, *PBPK* physiologically based pharmacokinetic, *PK* pharmacokinetic, *q.d.* every day, *t.i.d.* three times a day Developing a fit-for-purpose PBPK model based on in vitro data and 96-h clinical guanfacine plasma PK profiles obtained following administration of a single oral dose of GXR 2 mg or 4 mg to healthy adults \[[@CR19]\].Validating the PBPK model based on 96-h clinical guanfacine plasma PK profiles obtained for healthy adults following administration of a single oral dose of GXR 4 mg in the presence and absence of the strong CYP3A4 inhibitor ketoconazole or the strong CYP3A4 inducer rifampicin \[[@CR13]\].Applying the PBPK model to predict the impact on guanfacine plasma PK parameters of GXR co-administration with one of the moderate CYP3A4 inhibitors fluconazole or erythromycin, or with the moderate CYP3A4 inducer efavirenz \[[@CR22]\].

Plasma drug concentration--time profiles, clearance, distribution and absorption were simulated using populations of virtual individuals. With the exception of demographic characteristics, all parameters were the same as those of a virtual North European Caucasian population that has been described previously \[[@CR31]\]. Unless otherwise specified, ten virtual trials, each sampling the same number of sex-matched virtual individuals with the same age range as those in a comparable clinical study, were generated to assess variability across groups.

Development of a PBPK Model for Guanfacine Exposure Following a Single Oral Dose of GXR {#Sec4}
---------------------------------------------------------------------------------------

### Model Parameters {#Sec5}

A dynamic model incorporating competitive- and mechanism-based inhibition was used to simulate the effects of CYP3A4 inhibitors on the metabolism of guanfacine in the liver and gut (Fig. [1](#Fig1){ref-type="fig"}b) \[[@CR32]\]. Unbound concentrations of inhibitor in the liver and portal vein were used to drive inhibition of guanfacine metabolism in the liver and gut, respectively. First--order absorption was assumed based on the linear PK profiles obtained from clinical studies in children and adolescents with ADHD \[[@CR17]\] and in healthy adults \[[@CR19]\]. The guanfacine fraction absorbed (*f* ~a~) and first-order absorption rate constant (*k* ~a~) were based on Caco-2 permeability (data on file, V00977--SPD503, Shire Pharmaceuticals Ltd, 2006) \[[@CR33], [@CR34]\]. The fraction escaping first-pass metabolism in the gut (*F* ~G~) was estimated using Eq. [1](#Equ1){ref-type=""}, which represents a model similar to the 'well-stirred' liver model \[[@CR35]\]; *Q* ~G~ is nominal blood flow (Fig. [1](#Fig1){ref-type="fig"}b), fu~G~ is the free fraction of the drug within enterocytes (set at a default value of 1), and CLu~G,int~ is the whole gut intrinsic clearance.$$\documentclass[12pt]{minimal}
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Caco-2 permeability (data on file, V00977--SPD503, Shire Pharmaceuticals Ltd, 2006) was used to make an initial estimate of *Q* ~G~ \[[@CR34]\]. CLu~G,int~ was initially estimated by dividing the in vitro CYP3A--mediated hepatic unbound intrinsic metabolic clearance per milligram of protein (CLu~int~) (data on file, V00652--SPD503--IIIG, Shire Pharmaceuticals Ltd, 2003) by the abundance of CYP3A in the liver (137 pmol/mg) and multiplying by the mean abundance of CYP3A in the whole gut (70,000 pmol) \[[@CR36]\]. The assumption that intrinsic guanfacine clearance per picomole of CYP3A4 is identical in the liver and gut \[[@CR36]\] is supported by in vitro comparisons of the metabolic ability of liver and gut microsomes using eight representative CYP3A4 probe substrates (including midazolam) \[[@CR37]\]. Values used for the intrinsic turnover of hepatic and gut CYP3A4 (*k* ~deg~) were 0.019 and 0.03 h^−1^, respectively \[[@CR32], [@CR38]\]. A sensitivity analysis determined the value of *k* ~a~ (0.459 h^−1^) that recovered the observed guanfacine time to maximum plasma concentration (*t* ~max~) of approximately 6 h following oral administration of GXR to healthy adults \[[@CR19]\]. The blood:plasma ratio, \[*B*:*P*\], was estimated to be 1.45 based on Eq. [2](#Equ2){ref-type=""} and an erythrocyte:plasma ratio \[*E*:*P*\] of 2 \[[@CR39]\] at a hematocrit (HCT) of 45%.$$\documentclass[12pt]{minimal}
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The mean renal clearance of guanfacine (CL~R~) (12.6 L/h) was based on observed data following intravenous administration of guanfacine in healthy adults \[[@CR20]\] and was estimated to be 50% of total body clearance. CLu~int~ was optimized from 7.28 µL/min/mg protein (data on file, V00652-SPD503-IIIG, Shire Pharmaceuticals Ltd, 2003) to 17 µL/min/mg protein using sensitivity analyses to ensure recovery of observed total body clearance following intravenous administration (CL~IV~) (24.8 L/h) \[[@CR20]\] with equal contributions from metabolic and renal clearances. The fraction escaping first-pass metabolism in the liver (*F* ~H~) was calculated to be 0.91 from hepatic blood flow (90 L/h) and hepatic clearance in blood \[CL~H,B~ = (CL~IV~ − CL~R~)/\[*B:P*\] = 8.41 L/h\]. The estimate for *Q* ~G~ was then refined to 1 L/h using Eq. [1](#Equ1){ref-type=""} and the relationship *F* = *f* ~a~·*F* ~G~·*F* ~H~ (where *F* is bioavailability) to recover the observed mean value for apparent clearance (CL/*F*, 37.8 L/h) following oral administration of GXR to healthy adults \[[@CR19]\]. Final input parameters for the PBPK model are shown in Table [1](#Tab1){ref-type="table"} \[[@CR19], [@CR20], [@CR33], [@CR34], [@CR39], [@CR40]\].Table 1Input parameters for the guanfacine compound file in Simcyp version 14ParameterValueMolecular weight246.091 g/mol \[[@CR40]\]Log *P* (partition coefficient)1.7 \[[@CR40]\]Dissociation constant (p*K* ~a~)12.94 \[[@CR40]\]Blood:plasma ratio \[*B*:*P*\]1.45 \[[@CR39]\]Mean plasma fraction unbound (fu)0.284 \[[@CR20]\]Volume of distribution at steady state (*V* ~ss~)8.0 L/kg^a^ \[[@CR19]\]Fraction absorbed (*f* ~a~)1^b^ \[[@CR33], [@CR34]\]Caco-2 permeability26 × 10^−6^ cm/s^b^First-order absorption rate constant (*k* ~a~)0.465 h^−1c,d^ \[[@CR19]\]Nominal blood flow in the gut (*Q* ~G~)1 L/h^e^ \[[@CR19], [@CR20]\]Human liver microsome CYP3A4 unbound intrinsic metabolic clearance (CLu~int~)17 μL/min/mg^e^ \[[@CR20]\]Mean renal clearance (CL~R~)12.6 L/h \[[@CR20]\]*C* ~*max*~ maximum concentration, *CYP* cytochrome P450, *GXR* guanfacine extended-release^a^This *V* ~ss~ value allowed recovery of the in vivo *C* ~max~ values of 1.57 and 3.58 ng/mL observed by Swearingen et al. \[[@CR19]\] after a 2-mg and 4-mg dose of GXR, respectively. The value was in line with the predicted *V* ~ss~ of 9.08 L/kg (Rodgers and Rowland method \[[@CR57]\]), which in turn was reasonably consistent with in vivo *V* ~ss~ values (6.3--8.6 L/kg)^b^Data on file, V00977--SPD503, Shire Pharmaceuticals Ltd, 2006^c^Predicted from Caco-2 data^d^Derived from in vivo data^e^Optimized based on in vivo data from Swearingen et al. \[[@CR19]\]

### Simulation Design {#Sec6}

The simulation of guanfacine plasma concentration--time profiles following a single oral dose of GXR was based on the results of the randomized, crossover trial by Swearingen et al. in which 52 healthy adults (aged 18--54 years; 46.2% women), 49 of whom completed the study, received a single oral dose of GXR 2 mg or 4 mg once a week for 4 weeks \[[@CR19]\].

Validation of the GXR PBPK Model Using Data from Clinical Studies of Strong CYP3A4 Inhibitors and Inducers {#Sec7}
----------------------------------------------------------------------------------------------------------

Validation of GXR DDI with the strong CYP3A4 inhibitor ketoconazole was based on the results of a study of 20 healthy adults (aged 19--50 years; 65% women) who received single oral doses of GXR 4 mg in the absence of ketoconazole and on the third day of 6 days of dosing with ketoconazole \[400 mg daily (q.d.)\] (data on file, SPD503-106, Shire Pharmaceuticals Ltd, 2004). Simulations used the default ketoconazole input values from Simcyp version 14.

Validation of GXR DDI with the strong CYP3A4 inducer rifampicin was based on the findings of a study of 20 healthy adults (aged 18--53 years; 40% women) who received a single oral dose of GXR 4 mg in the absence of rifampicin and on the eighth day of 11 days of dosing with rifampicin (600 mg q.d.) (data on file, SPD503-108, Shire Pharmaceuticals Ltd, 2004). Two separate simulations were run, based on the results of recent literature reviews \[[@CR41], [@CR42]\], using the default rifampicin input values from Simcyp version 14 and a maximum fold induction (Ind~max~) of 16 or 8 (i.e., in the simulations, rifampicin could increase CYP3A4 production by a maximum of 16--fold or 8--fold of its production in the absence of rifampicin).

Application of the GXR PBPK Model to Predict Guanfacine Plasma Concentration--Time Profiles in the Presence of the Moderate CYP3A4 Inhibitors Fluconazole or Erythromycin {#Sec8}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Prediction of GXR DDIs with fluconazole or erythromycin (moderate CYP3A4 inhibitors) used the default input values from the compound files in Simcyp version 14. Ten virtual trials of 20 healthy adults (aged 19--50 years; 65% women) receiving a single oral dose of GXR 4 mg were simulated in each of the following scenarios: (1) on the third day of 6 days of dosing with fluconazole (a loading dose of 400 mg followed by 200 mg q.d.); (2) on the third day of 6 days of dosing with erythromycin \[500 mg three times a day (t.i.d.)\].

Application of the GXR PBPK Model to Predict Guanfacine Plasma Concentration--Time Profiles in the Presence of the Moderate CYP3A4 Inducer Efavirenz {#Sec9}
----------------------------------------------------------------------------------------------------------------------------------------------------

Prediction of GXR DDI with efavirenz (a moderate CYP3A4 inducer) was based on the results of ten trials of 20 virtual individuals (aged 18--50 years; 50% women) receiving a single oral dose of GXR 4 mg on day 10 of 14 days of dosing with efavirenz (600 mg q.d. or 400 mg q.d.). Efavirenz 600 mg simulations used the input parameter values recently published by Ke et al. \[[@CR30]\]. In the context of a recent study that found that efavirenz 400 mg was virologically non-inferior to the standard 600 mg dose \[[@CR43], [@CR44]\], a PBPK model of efavirenz 400 mg was also developed, based on the 600 mg model. The results of clinical PK studies indicate that the dose-normalized peak plasma drug concentration (*C* ~max~) and the AUC for a single dose of efavirenz 600 mg q.d. \[[@CR45]\] are greater than those for efavirenz 400 mg q.d. in healthy adults \[[@CR46]\]; parameter estimation was therefore used to adjust oral clearance (CL~oral~) from the value used by Ke et al. \[[@CR30]\] to 17.7 L/h in order to recover the observed plasma concentrations of single-dose efavirenz 400 mg from day 1 of a multi-day study \[[@CR46]\]. Efavirenz 400 mg model validation was based on multiple dose data from the same study, in which a cohort of 12 healthy adults were randomized 2:1 to receive efavirenz 400 mg q.d. or placebo for 10 days \[[@CR46]\]; simulations used ten trials of eight virtual individuals (aged 19--49 years; 5% women).

Results {#Sec10}
=======

GXR Model Development: Simulation of Guanfacine Plasma Concentration--Time Profiles in Healthy Adults {#Sec11}
-----------------------------------------------------------------------------------------------------

Predicted (*n* = 490) and observed (*n* = 49) plasma concentration--time profiles following a single oral dose of GXR 2 mg or 4 mg in healthy adults are shown in Fig. [2](#Fig2){ref-type="fig"}a, b, respectively. The mean observed guanfacine *C* ~max~ and AUC values were 1.57 ng/mL and 54.5 ng/mL·h following GXR 2 mg, and 3.58 ng/mL and 119.0 ng/mL·h following GXR 4 mg \[[@CR19]\]. The mean predicted guanfacine *C* ~max~ and AUC were 1.69 ng/mL and 43.6 ng/mL·h following GXR 2 mg, and 3.37 ng/mL and 87.3 ng/mL·h following GXR 4 mg. At both doses, predicted mean *C* ~max~ and AUC values were within 1.3-fold of observed values, and the model was considered to have recovered the relatively linear PK profile of the clinical data.Fig. 2Development and validation of a PBPK model of guanfacine exposure following administration of a single oral dose of GXR 4 mg. Model development: observed (circles) \[[@CR19]\] and simulated (lines) mean plasma concentration--time profiles of guanfacine following a single oral dose of **a** GXR 2 mg or **b** GXR 4 mg. Gray lines represent the outcomes of 10 simulated trials (*n* = 49), and the *black line* represents mean data for the simulated population (*n* = 490). Model validation: observed guanfacine concentration--time profiles following administration of a single dose of GXR 4 mg in the absence (open circles) and presence (closed circles) of **c** ketoconazole 400 mg q.d. (on day 3 of 6 days of dosing) and **d** rifampicin 600 mg q.d. (on day 8 of 11 days of dosing). The solid and dashed lines represent mean data for 10 simulated trials (*n* = 200). *AUC* area under the plasma time--concentration curve, *CYP3A4* 3A4 isozyme of cytochrome P450, *DDI* drug--drug interaction, *GXR* guanfacine extended-release, *Ind* ~*max*~ maximum fold induction, *PBPK* physiologically based pharmacokinetic, *q.d.* every day

GXR Model Validation: Simulation of Guanfacine Plasma Concentration--Time Profiles in Healthy Adults Receiving Multiple Daily Doses of the Strong CYP3A4 Inhibitor Ketoconazole or the Strong CYP3A4 Inducer Rifampicin {#Sec12}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Predicted (*n* = 200) and observed (*n* = 20) plasma concentration--time profiles of guanfacine following a single oral dose of GXR 4 mg in the absence and presence of ketoconazole (400 mg q.d.) are depicted in Fig. [2](#Fig2){ref-type="fig"}c. The predicted geometric mean *C* ~max~ ratio was equivalent to that obtained from observed data, and the predicted AUC ratio was 18% lower than observed data (Table [2](#Tab2){ref-type="table"}).Table 2Mean observed and predicted pharmacokinetic parameters for guanfacine following a single oral dose of GXR 4 mg in the absence and presence of the strong CYP3A4 inhibitor ketoconazole 400 mg q.d.^a^ or the strong CYP3A4 inducer rifampicin 600 mg q.d.^b^Strong CYP3A4 inhibitor or inducerGuanfacine exposureGeometric mean ratioGXR monotherapy (control)GXR with strong CYP3A4 inhibitor or inducer*C* ~max~ (ng/mL)AUC (ng/mL·h)*C* ~max~ (ng/mL)AUC ng/mL·h)*C* ~max~ (90% CI)AUC (90% CI)Ketoconazole 400 mg q.d. Observed (*n* = 20)4.141207.293671.75 (1.46--2.09)3.13 (2.52--3.90) Predicted (*n* = 200)^c^3.57966.172381.74 (1.70--1.77)2.56 (2.49--2.64)Rifampicin 600 mg q.d. Observed (*n* = 20)3.461121.6436.50.46 (0.39--0.54)0.31 (0.25--0.38) Predicted (Ind~max~ = 16) (*n* = 200)^d^3.49951.2419.00.31 (0.29--0.33)0.16 (0.15--0.17) Predicted (Ind~max~ = 8) (*n* = 200)^d^3.49952.0337.70.54 (0.52--0.56)0.35 (0.33--0.37)*AUC* area under the plasma concentration--time curve, *CI* confidence interval, *C* ~*max*~ peak plasma drug concentration, *CYP3A4* 3A4 isozyme of cytochrome P450, *GXR* guanfacine extended-release, *Ind* ~*max*~ maximum fold induction of CYP3A4 by rifampicin, *q.d.* every day^a^GXR was administered on day 3 of 6 days of dosing with ketoconazole 400 mg q.d^b^GXR was administered on day 8 of 11 days of dosing with rifampicin 600 mg q.d^c^Ten trials of 20 virtual individuals aged 19--50 years; 65% women^d^Ten trials of 20 virtual individuals aged 18--53 years; 40% women

Predicted (*n* = 200) and observed (*n* = 20) plasma concentration--time profiles of guanfacine following a single oral dose of GXR 4 mg in the absence and presence of rifampicin (600 mg q.d.) are shown in Fig. [2](#Fig2){ref-type="fig"}d. When the default values from the Simcyp version 14 rifampicin compound file were used (these include Ind~max~ = 16), predicted geometric mean guanfacine *C* ~max~ and AUC ratios were 32% and 48% lower than observed values, respectively, suggesting that the model overpredicted the degree of CYP3A4 induction. After adjusting Ind~max~ from 16 to 8 based on findings from recent literature reviews \[[@CR41], [@CR42]\], the predicted *C* ~max~ and AUC ratios were closer to the observed ratios, but were 18% and 14% higher, respectively, suggesting that this model underpredicted CYP4A4 induction (Table [2](#Tab2){ref-type="table"}).

GXR Model Application: Prediction of Guanfacine Pharmacokinetics Following Administration of GXR in the Absence and Presence of Erythromycin or Fluconazole (Moderate CYP3A4 Inhibitors) {#Sec13}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Predicted guanfacine plasma concentration--time profiles following administration of a single oral dose of GXR 4 mg to healthy adults in the absence and presence of steady-state erythromycin (500 mg t.i.d.; *n* = 200) or fluconazole (loading dose of 400 mg followed by 200 mg q.d.; *n* = 200) are depicted in Fig. [3](#Fig3){ref-type="fig"}a, b. Guanfacine *C* ~max~ and AUC were predicted to be 1.45-fold and 1.98--fold higher in the presence of fluconazole than in its absence, and to be increased by similar amounts in the presence of erythromycin (1.58--fold and 2.31--fold higher, respectively, compared with GXR monotherapy) (Table [3](#Tab3){ref-type="table"}).Fig. 3Prediction of guanfacine DDI with moderate CYP3A4 inhibitors or inducers following administration of a single oral dose of GXR 4 mg. Predicted mean plasma concentration--time profiles of guanfacine following administration of a single oral dose of GXR 4 mg in the absence (solid line) and presence (dashed line) of **a** erythromycin 500 mg t.i.d. (on day 3 of 6 days of dosing), **b** fluconazole 200 mg q.d. (on day 3 of 6 days of dosing, following a loading dose of 400 mg on day 1), **c** efavirenz 400 mg q.d. (on day 10 of 14 days of dosing) or **d** efavirenz 600 mg q.d. (on day 10 of 14 days of dosing). Lines represent mean data for 10 simulated trials (*n* = 200). *AUC* area under the plasma time--concentration curve, *CYP3A4* 3A4 isozyme of cytochrome P450, *DDI* drug--drug interaction, *GXR* guanfacine extended-release, *q.d.* every day, *t.i.d.* three times a day Table 3Mean predicted pharmacokinetic parameters for guanfacine following a single oral dose of GXR 4 mg in the absence and presence of the moderate CYP3A4 inhibitors fluconazole 200 mg q.d.^a^ or erythromycin 500 mg t.i.d.^b^ or the moderate CYP3A4 inducer efavirenz 400 mg or 600 mg q.d.^c^Moderate CYP3A4 inhibitor or inducerGuanfacine exposureGeometric mean ratioGXR monotherapy (control)GXR with moderate CYP3A4 inhibitor or inducer*C* ~max~ (ng/mL)AUC (ng/mL·h)*C* ~max~ (ng/mL)AUC ng/mL·h)*C* ~max~ (90% CI)AUC (90% CI)Fluconazole 200 mg q.d. Predicted (*n* = 200)^d^3.52965.081861.45 (1.43--1.47)1.98 (1.95--2.02)Erythromycin 500 mg t.i.d. Predicted (*n* = 200)^d^3.57965.602171.58 (1.55--1.61)2.31 (2.25--2.38)Efavirenz 400 mg q.d. Predicted (*n* = 200)^e^3.5090.62.4752.60.72 (0.56--0.83)0.58 (0.39--0.73)Efavirenz 600 mg q.d. Predicted (*n* = 200)^e^3.5090.61.7331.80.50 (0.32--0.66)0.33 (0.19--0.50)*AUC* area under the plasma concentration--time curve, *CI* confidence interval, *C* ~*max*~ peak plasma drug concentration, *CYP3A4* 3A4 isozyme of cytochrome P450, *GXR* guanfacine extended-release, *q.d*. every day, *t.i.d*. three times a day^a^GXR was administered on day 3 of 6 days of dosing with fluconazole (loading dose of 400 mg on day 1 followed by 200 mg q.d.)^b^GXR was administered on day 3 of 6 days of dosing with erythromycin 500 mg t.i.d^c^GXR was administered on day 10 of 14 days of dosing with efavirenz 400 mg q.d. or 600 mg q.d^d^Ten trials of 20 virtual individuals aged 19--50 years; 65% women^e^Ten trials of 20 virtual individuals aged 18--50 years; 50% women

GXR Model Application: Prediction of Guanfacine Pharmacokinetics Following Administration of GXR in the Absence and Presence of Efavirenz (Moderate CYP3A4 Inducer) {#Sec14}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

### Efavirenz 400 mg Model Validation {#Sec15}

Predicted and observed efavirenz plasma concentration--time profiles on day 10 of administration of efavirenz 400 mg q.d. in healthy adults are shown in Fig. [4](#Fig4){ref-type="fig"}. Predicted mean *C* ~max~ and AUC values (1.85 µg/mL and 24.6 µg/mL·h) were within 1.3-fold of observed values (2.20 µg/mL and 29.2 µg/mL·h) \[[@CR46]\].Fig. 4Validation of a physiologically based pharmacokinetic model of exposure to the moderate CYP3A4 inducer efavirenz 400 mg. Observed (circles) and simulated (lines) mean plasma concentration--time profiles of efavirenz on day 10 following administration of 400 mg every day for 10 days. Gray lines represent the outcomes of 10 individual simulated trials (*n* = 8), and the black line represents mean data for the simulated population (*n* = 80). *CYP3A4* 3A4 isozyme of cytochrome P450

### Prediction of Guanfacine Pharmacokinetics {#Sec16}

Predicted guanfacine plasma concentration--time profiles following administration of a single oral dose of GXR 4 mg to healthy adults in the absence and presence of efavirenz 400 mg q.d. or 600 mg q.d. are depicted in Fig. [3](#Fig3){ref-type="fig"}c, d. When GXR was co-administered with efavirenz 400 mg, guanfacine *C* ~max~ and AUC were reduced to 72 and 58% of their values for GXR monotherapy, respectively; co-administration with efavirenz 600 mg reduced guanfacine *C* ~max~ and AUC to 50 and 33% of their values for GXR monotherapy, respectively (Table [3](#Tab3){ref-type="table"}).

Discussion {#Sec17}
==========

Here we describe the development and validation of a PBPK model that was applied to predict the impact on guanfacine PK parameters of administering GXR in the presence of moderate CYP3A4 inhibitors and inducers. As shown in Fig. [5](#Fig5){ref-type="fig"}, model predictions indicate that co-administration of GXR with the moderate CYP3A4 inhibitors fluconazole 200 mg q.d. or erythromycin 500 mg t.i.d. leads to an increase in guanfacine exposure that is slightly smaller than when GXR is co-administered with the strong CYP3A4 inhibitor ketoconazole; and that co-administration of GXR with the moderate CYP3A4 inducer efavirenz 400 or 600 mg q.d. leads to a smaller or similar reduction in guanfacine exposure, respectively, compared with co-administration with the strong CYP3A4 inducer rifampicin.Fig. 5Simulated and observed guanfacine *C* ~max~ and AUC geometric mean ratios for moderate and strong inhibitors and inducers of CYP3A4. *AUC* area under the plasma concentration--time curve, *CI* confidence interval, *C* ~*max*~ peak plasma drug concentration, *CYP3A4* 3A4 isozyme of cytochrome P450, *DDI* drug--drug interaction, *Ind* ~*max*~ maximum fold induction, *q.d.* every day, *t.i.d.* three times a day

Several clinical PK studies have been conducted that examine potential DDIs with GXR. Results presented here show that, compared with GXR monotherapy, co-administration of GXR with the strong CYP3A4 inhibitor ketoconazole resulted in a 1.75-fold increase in plasma guanfacine *C* ~max~ and a 3.13-fold increase in AUC in healthy adults (Table [2](#Tab2){ref-type="table"}). Conversely, co-administration with the strong CYP3A4 inducer rifampicin resulted in *C* ~max~ and AUC being reduced to 46% and 31% of their values for GXR monotherapy (Table [2](#Tab2){ref-type="table"}). As a result of these studies, the US GXR prescribing information recommends that the dose should be decreased to half the recommended level when co-administered with a strong CYP3A4 inhibitor, and that clinicians should consider increasing the dose to double the recommended level (over 1--2 weeks) when co-administered with a strong CYP3A4 inducer \[[@CR13]\]. In the USA and Canada, GXR is indicated for co-administration with a stimulant medication in the treatment of ADHD in addition to its use as a monotherapy. In clinical PK studies, no clinically meaningful DDIs were observed between GXR and an extended-release formulation of MPH (osmotic-release oral system MPH) \[[@CR47]\], or the amphetamine prodrug lisdexamfetamine dimesylate \[[@CR48]\]; hence, no additional dose adjustment is required when GXR is used adjunctive to stimulant treatment \[[@CR13]\].

In the absence of clinical PK data when moderate CYP3A4 inhibitors or inducers are co-administered with GXR, a PBPK model was designed to predict their impact on guanfacine PK following oral administration of GXR, in order to provide appropriate dosing guidance. The model was developed based on the physicochemical properties of guanfacine, in vitro CYP metabolism, total systemic clearance, renal clearance following intravenous administration in humans and the PK profile of guanfacine following oral administration. The clinical data following administration GXR monotherapy are relatively linear across the dose range of 2--4 mg GXR (*C* ~max~ = 2.28-fold; AUC~0--*t*~ = 2.18-fold) \[[@CR19]\], and this linearity was recovered during model development.

The model was validated using clinical GXR DDI data for ketoconazole and rifampicin (Table [2](#Tab2){ref-type="table"}), indicating that the intrinsic clearance of CYP3A4, estimated from a CYP3A4 fraction of metabolism of 50%, was appropriate for the purpose of predicting CYP3A4-mediated DDIs. The predicted mean *C* ~max~ and AUC ratios of guanfacine following a single oral 4-mg dose of GXR with and without ketoconazole (400 mg q.d.) were equivalent to and 18% lower than observed values, respectively. For co-administration with rifampicin (600 mg q.d.), however, the predicted mean *C* ~max~ and AUC ratios were substantially lower than the observed values (by 32 and 48%, respectively) when the default compound parameters from Simcyp (version 14) were used, including a value of 16 for Ind~max~. The results of a recent literature review of ten intravenous and 19 oral studies involving rifampicin and victim drugs (mainly midazolam) indicated that, although there was a decrease in bias and an increase in precision with an Ind~max~ of 16 compared with an Ind~max~ of 8, there was a tendency to overpredict the induction effect of rifampicin \[[@CR41]\]. An independent analysis of FDA submissions in which a DDI with rifampicin was used for PBPK model validation showed that the predicted AUC ratio in the presence versus the absence of rifampicin was within 1.25-fold of the observed data in four out of seven models (57%) in which an Ind~max~ of 8 was used \[[@CR42]\]. In the current study, use of an Ind~max~ of 8 led to a predicted AUC ratio that was more consistent with observed data than an Ind~max~ value of 16 (Fig. [5](#Fig5){ref-type="fig"}).

After the predictive potential of the PBPK model had been validated, guanfacine PK parameters following co-administration of GXR with moderate CYP3A4 inhibitors or inducers were predicted. In prospective simulations of moderate CYP3A4 inhibitors, plasma guanfacine *C* ~max~ and AUC were 1.45-fold and 1.98-fold higher, respectively, in the presence of fluconazole, and 1.58-fold and 2.31-fold higher, respectively, in the presence of erythromycin, compared with their values with GXR monotherapy. Conversely, in the presence of the moderate CYP3A4 inducer efavirenz 400 mg q.d., predicted guanfacine *C* ~max~ and AUC were reduced to 72 and 58% of their values in the absence of efavirenz, respectively. The greater reduction in guanfacine *C* ~max~ and AUC observed in the presence of efavirenz 600 mg q.d. (to 50 and 33% of their values for GXR monotherapy, respectively) suggests that the effect may be related to efavirenz dose. As efavirenz is an auto-inducer of its own clearance (via the CYP2B6 pathway) \[[@CR49], [@CR50]\], its exposure and potential CYP3A4 induction effect would be expected to be efavirenz dose-dependent. In addition, it should be noted that efavirenz induces CYP3A4 production in the liver only \[[@CR46], [@CR51]\], unlike rifampicin, which induces CYP3A4 in both the liver and gut \[[@CR52]\]. This was accounted for by Ke et al., who used sensitivity analysis to adjust the fraction unbound in the gut to recover AUC ratios for a victim drug when developing the efavirenz model used in the present study \[[@CR30]\]. In summary, the present predictions suggest that, as with strong inhibitors and inducers of CYP3A4, DDIs between GXR and moderate inhibitors and inducers of the enzyme result in substantial changes in guanfacine exposure (Fig. [5](#Fig5){ref-type="fig"}).

In interpreting these data, three important limitations should be considered. First, GXR clinical PK data in children and adolescents (aged 6--17 years) were not used during model development. This was because a Best Practice approach was followed in which the most robust clinical PK data available were used, from an adult study (*n* = 49) in which plasma guanfacine concentration was measured to 96 h post-dose \[[@CR19]\]. The half-life of guanfacine from GXR is \~ 17 h \[[@CR19]\]; in comparison, two of the three pivotal studies providing PK data in children and adolescents ended sampling at 24 h post-dose (*n* = 28 \[[@CR17]\]; *n* = 20 \[[@CR53]\]), while the pivotal PK data from a placebo-controlled phase 2 pharmacodynamic study (GXR arm, *n* = 112 \[[@CR18]\]) end at 8 h post-dose \[[@CR53]\]. As an analysis of data from these three studies (*n* = 160) had found previously that population PK parameters were similar to mean values in healthy adults when appropriately scaled by patient weight \[[@CR18]\], no additional analyses were conducted. Second, although model validation used all available clinical DDI data, no GXR clinical DDI studies have been conducted in children and adolescents. However, hepatic blood flow, CYP3A4 activity and renal function in this age group are similar to those in adults \[[@CR54], [@CR55]\], and PK parameters are similar when scaled by weight, as noted above \[[@CR18]\]. Thus, it was judged that no prospective extrapolations of dose adjustments were required. Third, the clinical DDI studies conducted in adults used only one dose, GXR 4 mg. Recovery of the relatively linear clinical PK profile for GXR 2 mg and 4 mg \[[@CR19]\] during model development, however, indicates that the parameters, or assignment of clearance pathways, are applicable for both doses.

As a result of this study, the following recommendations were approved for US labeling: (1) decrease GXR to 50% of the usual target dose when it is co-administered with strong or moderate CYP3A4 inhibitors; and (2) consider titrating GXR up to double the usual target dosage over 1--2 weeks when it is co-administered with strong or moderate CYP3A4 inducers \[[@CR13]\]. It should be noted that the GXR is always titrated based on clinical judgment of response and tolerability. Titration covers a 4-fold dose range in children aged 6--12 years (1--4 mg/day) and a 4--7-fold dose range for adolescents aged 13--17 years (1--4 to 1--7 mg/day, depending on body weight) \[[@CR13]\]. These dose ranges exceed the difference between the effects of strong and moderate perpetrators on guanfacine exposure (Fig [5](#Fig5){ref-type="fig"}), and having identical dosing recommendations for strong and moderate perpetrators simplifies their implementation in clinical practice.

Although clinical PK studies remain the gold standard for investigating the effects of DDIs on exposure to a drug of interest, recent reviews of FDA submissions of drugs in development concluded that the predictions of 15 models involving cytochrome P450 inhibitors (mainly CYP3A and CYP2D6) and 11 models involving CYP3A inducers showed good agreement with observed data \[[@CR42], [@CR56]\]. The present data confirm that PBPK modeling is a powerful tool in the extrapolation of existing preclinical and clinical data to generate recommendations for treatment regimens without the need for individuals to be exposed to investigational products for experimental rather than therapeutic purposes.

Conclusions {#Sec18}
===========

Using data from clinical PK studies in which GXR was administered as a monotherapy or co-administered with strong CYP3A4 inhibitors or inducers, PBPK modeling was employed to evaluate the potential for DDIs when GXR is co-administered with moderate CYP3A4 inhibitors or inducers. Based on these predictions, dosing recommendations for GXR were approved by the FDA as US labeling recommendations without the need to conduct further clinical studies \[[@CR13]\].

In summary, the recommendations are to (1) decrease GXR to 50% of the usual target dose when it is co-administered with strong or moderate CYP3A4 inhibitors and (2) consider titrating GXR up to double the usual target dosage over 1--2 weeks when it is co-administered with strong or moderate CYP3A4 inducers \[[@CR13]\]. Thus, prescribers can be given specific dosing guidance on the use of GXR with moderate CYP3A4 inhibitors or inducers in the absence of clinical PK data on these interactions.
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